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However, the results of studies designed to exam ine the effects of poncho transmitters on galliforms have been equivoca l. Whilst ruffed grouse Bonasa umbel/us survived better with poncho radios than with backp ack radios (Small & Rusch 1985) , chukars Alectoris chukar either removed poncho radios or died within a few weeks (Slaugh et al. 1989 ). Furthermore, Marks & Marks (1987) reported that Columbian sharp-tailed grouse Tympanuchus phasianel/us columbianus with leg bands survived better than grouse with radios on ponchos.
Recent studies on the effects of necklace radio trans-mitters have been more encouraging. Marcstrom et al. (1989) demonstrated that recovery rates of ring-necked pheasants Phasianus colchicus with dummy necklace radio transmitters did not differ from those of controls, whereas the recovery of pheasants with dummy backpacks was significantly lower. Similarly, in a study of black grouse Tetrao tetrix, 43% of males with necklace radios were recaptured after a year versus 41 % of males marked with leg bands (Willebrand 1988) . Finally, breeding season survival rates of necklace radio-marked male rock ptarmigan Lagopus mutus were not significantly lower than unmarked controls, whereas males with backpack radios had lower survival rates (Cotter & Gratto 1995) . Therefore, we investigated the effects of necklace radio transmitters on survival and breeding success of red grouse Lagopus lagopus scoticus, a small galliform of 600-800 g. We compared the survival of grouse fitted with dummy necklace transmitters to control grouse marked only with metal wing tags. We also compared the breeding success of female grouse fitted with functioning necklace transmitters to a control group of untagged grouse.
Methods
Effects of radio transmitters on the survival of red grouse were studied on a grouse moor near Langholm in southern Scotland. Grouse densities on the 10 km 2 study area, estimated from counts using trained pointing dogs, averaged 50 birds/krn' in October 1993. Predators of grouse on the study area included red fox Vulpes vulpes, hen harrier Circus cyaneus and peregrine falcon Falco peregrinus.
We captured 151 grouse between 7 October and 20 N0-vember 1993. Grouse were caught at night in hand-held nets after dazzling with strong lights. All birds were weighed and measured (carpal to tip of third primary) for an index of body size and classified by age and sex (juvenile and adult , male and female) based on plumage characteristics (Hudson 1986 ). All birds were marked in the patagium of each wing with small, inconspicuous, numbered metal tags. Every other bird was also fitted with a dummy necklace radio transmitter. Dummy radios were cylindrical in shape measuring 38 x 16 x 16 mm and weighed 15 g. The radios included a 250-mm whip antenna and were attached by a soft cord which was passed around the neck of the bird and adjusted to the chosen circumference (Kenward 1987) .
We subsequently captured 88 grouse between 14 and 22 March 1994, and 60 grouse between 3 and 9 October 1994 using the same methods. Of the 148 birds caught in March and October 1994, 31 had been marked during the 122 previous autumn. To avoid bias in recapturing radiomarked birds, we always attempted to capture the grouse closest to the light.
We recovered marked grouse killed by predators during monthly systematic searches of 2 km 2 of the study area from October 1993 to March 1994, during a single systematic search of the entire study area in July 1994, and during the course of routine field work from October 1993 to September 1994. It is unlikely that all carcasses of dead grouse were found. The cause of death of all grouse was assigned where possible by examination of the carcass . Raptors normally plucked feathers and left an articulated skeleton with the sternum notched, whereas foxes usually chewed their prey so that broken bones and cut feathers were present (Jenkins et al. 1963 , 1964 , Hudson 1986 , 1992 . To avoid bias in recovering radiomarked birds, we only included the carcasses which retained their metal wing tags.
Effects of necklace radio transmitters on breeding success of red grouse were studied on two moors near Newtonmore in central Scotland. Grouse densities were similar to those in southern Scotland, and grouse were exposed to the same range of predators. In these sites we captured 30 female grouse during winter 1991-92, 1992-93, and 1993-94 using the same techniques as in southern Scotland. Each bird was fitted with a functioning necklace radio transmitter of identical size and weight to those used in the survival study. Clutch size and hatching success were recorded for each radio-marked female and compared with a control group of unmarked females for which data on breeding success was obtained during the same sampling period . Nests of the control birds were located using trained pointing dogs, marked with a bamboo cane placed 10m from the nest site, and subsequently visited after chick hatch to determine hatching success .
We tested for differences between radio-marked and wing-tagged grouse in body weight and wing length using a 3-way ANOV A test which included mark type, age and sex as classifying factors . We used Chi-squared tests of independence (one-tailed) to test for differences in recovery rates of radio-marked and wing-tagged grouse. We tested for differences in breeding success between radio-marked and control grouse using a 3-way ANOV A test (one-tailed) which included mark type, year and study area as classifying factors .
For the one-tailed tests involving mark type, we calculated the power of being able to detect a difference between radio-marked and control grouse if a difference existed (see e.g. Sokal & Rohlf 1981) . Power is the probability of rejecting the null hypothesis when it is false, and increases as the magnitude of the difference, d. increases. In the absence of a mean/variance relationship (homoscedasticity), the power of a one-tailed test based on the normal distribution is calculated as 1-<I> C1o ., .y-dl~) if g is WILDLIFE BIOLOGY · 1: 2 (1995) to the mean of the control, and power was plotted against the origina l data scale (so that it equals 0.05 at the point where the scale equals the mean of the contro l). We also evaluated the probability of the true difference d 1 being greater or equal to a given magnitude , given the means actually observed for the radio-marked and control grouse. With homoscedasticity, this was given by the observed difference between the means. Data transformation and graphica l presentation were as described for power.
Results
Radio-marked and wing-tagged grouse did not differ in any way other than the method of marking (Table 1) . Analysis of body weight and wing length at time of autumn capture showed no difference between the two types of birds after removing the effect of age and sex (body weight: Fl.,.) = 1.028, P =0.312; wing length: Fl.,.) = 3.321, P =0.070).
The numbers of radio-marked and wing-tagged grouse recovered through recapture or found dead were compared to the number originally captured (Table 2) . Recapture rates for all age/sex classes combined did not differ between radio-marked and wing-tagged grouse (X 2 = 0.039, df =1, P =0.578). The small sample sizes in each age/sex class precluded more detailed analysis, however the observed recapture rates did not differ markedly between the two groups in any age/sex class. Ten marked grouse were recovered dead, with seven (9.6%) recoveries of radio-marked birds versus three (3.8%) recoveries test is 0.05. The graphed probability that the "population" recapture rate of radio-marked grouse is as low as or lower than the observed value is given in Figure Ib . As the dotted line indicates P =0.05, a recapture rate of II % cannot be ruled out even though the observed recapture rates of radio-marked and wing-tagged grouse appear very similar. In the plot of power against the detection rate of dead radio-marked grouse (Fig. Ic) , the observed detection rate is 9.6% for radiomarked grouse, and the power of the test is 0.4. The graphed probability that the "population" detection rate of dead radio-marked grouse is as high as or higher than the observed value is given in Figure Id . As the dotted line indicates P =0.05, a detection rate of 18% cannot be ruled out for radio-marked birds. Clutch size and hatching success of radio-marked female grouse were compared to a control group of unmarked birds (Table 3) . Analysis of clutch size showed no effects of marking after accounting for the effects of year and study area (F I ,7. =0.028, P =0.566). Similarly, no effect of radio-marking was found on hatching success measured as the proportion of eggs hatched (F I ,7. =0.734, P =0.804).
In the plot of power against the clutch size of radiomarked grouse (Fig. 2a) , the power of the test declines as the possible underlying clutch size of radio-marked grouse increases to 7.8, the clutch size of control grouse. Thus, at the observed clutch size for radio-marked grouse of wing-tagged birds (X' = 1.187, df = I, P = 0.138). Six radio-marked birds were killed by raptors and cause of death was not determined in one. Two wing-tagged birds were killed by raptors and one by a fox. In a plot of power against the recapture rate of radiomarked grouse (Fig. Ia) , the power of the test declines as the possible underlying recapture rate of radio-marked grouse increases to the observed recapture rate of wingtagged grouse (20.5%). Thus, at the observed recapture rates of radio-marked grouse of 20.5% the power of the Figure I , Power of the one-tailed test for differences in recovery rates of (a) recaptured and (c) dead radio-marked and control red grouse; and the probabi lity (P) that the underlying "population" parameter for radio-marked grouse is at least as low as (recaptures in b) or as high as (kills in d) the x value given the means observed for radio-marked and control birds. In (b) and (d), the dotted lines indicate P =0.05. (See Methods for detailed description) . Table 3 . Breeding success (clutch size and hatching success) of the 30 necklace radio-marked and the 61 control female red grouse in the two study areas (A and B) near Newtonmore in central Scotland, 1991 Scotland, -1994 .
Study area

Clutch size
Hatching success
Radio-m arked Control Radio-marked Control  -------------------------------------------------------------------------- of 7.8 the power of the test is 0.05. Th e gra phed probabili ty that the true clut ch size of radiomarked gro use is as low as or lower than the obse rved value is give n in Figur e 2b. As the dotted line indicates P = 0.05, a clut ch size of 7.25 ca nnot be ruled out. In the plot of power aga inst hatchin g success of radio-marked gro use (Fig. 2c) , the power of the test declines as hatchin g success of radiomarked grouse increases to 0.78, the hatching succe ss of control gro use. Thu s, at the observ ed hatching success of radio -marked grouse of 0.84 the power of the test is less than 0.0 I. The gra phed probability that the true hatchin g success of radio-marked grouse is as low as or lower than the obser ved value is given in Figure 2d . At P = 0.05, hatch ing success of 0.63 ca nnot be excl uded. 
Discussion
We found that similar proportions of radio -marke d and wingtagged gro use were recovered as recaptures but that for birds recovered dead the proporti on of radio-m arked gro use was ove r twice as high as that of wing-tagge d bird s. As the difference was not statistica lly significant, the implic ation was that neckl ace radi o transmitt ers of the design used did not make gro use more susce ptible to predation in our study area. An important ca veat attached to this co nclusion was that statistically, it was impossible to prove that there is no effec t of radio-markin g, only that our experime nt was unable to reject the null hypothesis of no effect (White & Garrott 1990) . Alth ough the current study is, to our knowl edge, the most rigorous test yet co nducted on the effec ts of neckl ace radio transmitters on the survival of wild ga lliforms and involved ove r 150 bird s, the powe r analysis revealed that the chances of a Type II error were still high . Therefore. although we co uld not demon strate statistica lly any effec t of neckl ace rad io transm itters on gro use surviva l, we ca nnot co nclude, on the strength of our existing data, that no such effect exis ts. Numero us studies have investigated the surv ival of ga lliform s fitted with backp ack radio transmitters but, to our knowledge, only four others co mpared the survival of poncho or neckl ace radio-m arked galliforms to untagged controls. Marks & Mark s ( 1987) reported that Columbian sharp-tailed grouse with leg band s surv ived better than grouse with SOlar-powered radio s on ponchos. They sugges ted that raptors selectively prey ed on radio-marked bird s, however, their ponch o design produced a distinct audibl e effect from the antenna slapping against the wing which may have biased their result s. In contrast, in studies on pheasant s (Marcstrom et al. 1989 ) and black grouse (W illebrand 1988) , recovery rates of bird s with neckl ace radio transmitt ers were similar to those of co ntro l bird s marked with band s. A recent study on roc k ptarm igan demonstrated that breedin g season surv iva l rates of necklace radi o-marked males were not significantly lower than those of unm arked co ntrols (Co tter & Gratto 1995); questionably, these workers then pooled this data set with that from backp ack radio-marked ptarmigan to arg ue for a negative effec t of transmitt ers on surviva l. Th e necklaces used in these latter studies on gro use and pheasants were more co mpact than poncho designs and tended to be preened under the feathers, presum ably makin g them less obvious to avian predators hunting by sight and less of an encumbrance to the bird .
Radio-marking may have sublethal effects on body condition and ultimately breeding success in addition to possible influences on survival (White & Garrott 1990) . For example, Boag (1972) monitored the behaviour of backpack radio-marked red grouse in pens and found that they became less active and ate less food than unmarked control birds . In extending this work to wild birds, however, Boag and colleagues demonstrated that breeding success of red grouse was not influenced by backpacks (Boag et al. 1973 , Lance & Watson 1977 . Neither clutch size nor hatching success of necklace radio-marked grouse differed significantly from an independent sample of control birds in our study. A similar caveat to the survival analysis exists regarding sample size and the power of statistical analyses to detect Type II errors (White & Garrott 1990 ) . However, since the direction of the difference in both cases was the opposite of what would be expected if radios were affecting breeding performance, these results strongly suggest that necklace radio transmitters of the design used had no adverse effect. To our knowledge, no other study has compared the breeding success of galliforms with necklace radios to either backpack radios or controls (Calvo & Furness 1992) .
We conclude that necklace radio transmitters had no measurable effect on survival and breeding success of red grouse in our study areas . We concur with Marcstrom et al. (1989) that necklace radio transmitters are preferable to backpacks for grouse and pheasants and possibly other galliforms, provided that they are well-fitted, inconspicuous, and below a threshold weight of 3% of body mass.
